To control for the defects found in remote sensing-derived estimates of population distributions, this study created a new method for estimating the population density of China at a 1 × 1 km spatial resolution by combining remote sensingderived land use with China residence polygon data. As a result, we obtained three sets of land use data (i.e., remote sensing-derived, China residence polygon, and a combination of the two) to estimate population. On the basis of these data, we developed both urban and rural population distribution models. The results demonstrated that this new method could improve the accuracy of population estimation.
INTRODUCTION
Information about the distribution of population plays an important role in a country because it affects social development, resources, and other aspects of society. Large populations have placed great pressures on global resources, the environment, and sustainable development (Lo, 1986; Sutton et al. 1997) ; therefore, timely and accurate estimations of the spatial distribution of population and its development are essential to protect the environment. Normally, population distributions are obtained by periodic censuses or statistical analysis. This type of data is useful for macro-analyses of the population, resources, the environment, and social and economic development. However, such data are usually not suitable for conducting analyses on micro-aspects of population distribution, such as spatial analysis, because the accuracy of these methods of data collection do not provide sufficient spatial resolution.
2 Furthermore, the data structure is not applicable and has created difficulties for spatial analyses. Moreover, this type of method for estimating population is time-consuming, costly, and difficult to update on a frequent basis.
Due to the urgent demand for high-spatial-resolution population data and the advancement of new technologies, such as geographic information systems (GIS) and remote sensing (RS), many researchers have begun to use digital simulation technology to spatially estimate population distributions. Remotely sensed data have become an important resource in population estimation because of their strengths in data coverage, reasonable accuracy, and low cost (Lo, 1995; Jensen and Cowen, 1999) .
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Establishing spatial population distributions requires the generation of a gridded population, and many researchers have explored the potential use of remote sensing data in the estimation of population distributions and have performed many investigations for this purpose. Methods for generating a gridded population can be divided into five types (Zhuo et al., 2005) .
The first approach is average (e.g., weight average) allocation. This approach uses the average or weighted average principle to allocate administrative unit population statistics to a grid cell (Jin et al., 2003) . This method is the most simple and crudest, and it often results in large mutations on the boundaries among the grid cells.
The second approach involves the analysis of factors that affect population distributions (Liao and Sun, 2003; Tian et al., 2004) . The research method underlying this approach analyzes a series of factors that affect population distribution, such as land use, temperature, and climate, and to assigns a weight to each factor. Subsequently, the population density allocation coefficient of every grid can be obtained, and this coefficient is multiplied by the grid area, which yields the population density of each grid cell.
The third approach is grid interpolation (Liu et al., 2003a; Lv et al., 2003) . The main research method of this approach is to divide the study area into a grid of a certain resolution and to use a variety of interpolation methods to calculate the grid population density.
The fourth approach is based on the population distribution rule (Paul, 1997; Feng, 2002) . In this method, the classic rule of population density is utilized, which states that a distance decay model should be used to simulate the population density of each grid.
The fifth approach uses remotely sensed imagery to extract information on residences, such as types and density, or to extract the factors that affect population distributions to estimate population density (e.g., Joseph et al., 2012) . Of the five approaches, the fifth method (i.e., using remote sensor data) has been widely used and has become an important method for simulating population distributions. Taragi et al. (1994) employed two techniques for obtaining data through remote sensing to estimate the population of India: the Unit Count Technique and the Area Density Technique. Hardin et al. (2007) discussed three broad methodologies (dwelling identification, land type surrogates, and pixel-based estimation) to estimate intra-urban population totals and densities using overhead imagery and focus on the developed, urban world. Li and Weng (2005) explored the potentials of integrating Landsat ETM+ data with census data to estimate the population density of the city of Indianapolis, Indiana, USA and obtained a good accuracy of up to 96.8%. Zhang et al. (2007) proposed a power exponential model that is based on the scale of a district and the distance from the center of the district to each grid of the district, according to the distance decay function. Liu et al. (2003b) simulated population density by fusing remotely sensed data, meteorological data, soil data, and statistical data into a gridgeneration model. Tian et al. (2004) used the idea of modeling a population separately as a town or country to construct two different models to simulate the population density of these areas. Tobler et al. (1997) transformed census data into a population grid. Landscan (Dobson et al., 2000; Dobson et al., 2003) can distribute census counts into 30 × 30 arc-second grid cells that are based on probability coefficients calculated from road proximity, slope, land cover, and nighttime lights.
Although these methods each have individual advantages for estimating populations and focus on the factors that affect population distribution, these methods also have many disadvantages. First, some of these methods rarely investigate the correlations and relative effects of all of the factors. Furthermore, combining the factors makes modeling more complex (Zhang and Yang, 1992) . To address this problem, this paper used the most correlative indicator (i.e., land use) (Tian et al., 2005) to simulate the population, which could decrease the effect of redundant information. Second, some of the studies do not take into account the differences between the distribution patterns of urban and rural populations. For this problem, this article separately modeled the population of urban and rural areas. Third, some of the methods do not take into consideration floating populations.
3 For this problem, this article used the Fifth Census of the China population in 2000 instead of the Chinese population by county in 2000 (Chinese Ministry of Public Security, 2001). Fourth, these studies do not take into account the limited accuracy of remotely sensed data. For this problem, this research combined remote sensing data with a topographic map to improve the accuracy of the simulation.
This article consists of six parts. The Study Area section briefly introduces China, and the Data Sources section outlines the necessary data used in the research. The Methodology section introduces models for simulating population, and the Results section presents the simulated population (2000) of China and provides analyses of the results. The Validation and Comparison section validates our results and compares our results with those from the Chinese Academy of Sciences (CAS). Finally, the Discussion and Conclusions section summarizes and states the conclusions from our studies.
STUDY AREA
The study area for this paper is continental China (Fig. 1) , which is located in East Asia and spans the the latitudes 3°51′ to 53°33′ North and the longitudes 73°33′ to 135°05′ East. China has a huge population of 1.3 billion and limited land resources (NBSC, 2005) .
The overall characteristics of the distribution of the Chinese population can be described as follows: the eastern regions of China are more densely populated than the western; plains and basin areas are more densely populated than mountains and plateaus areas; agricultural areas are more densely populated than forests and pastoral lands; humid regions are more densely populated than the dry, cold regions; the regions that were developed earlier are more densely populated than those that were developed more recently; and regions along rivers, the sea, and other modes of transportation are more densely populated than less accessible areas.
Population data are an important factor that affect many aspects of China. Knowledge of the Chinese population distribution can guide local, regional, and national leaders in planning for resources and supplies, and this knowledge can be quite important for our country's social development and the people's well-being. 
825

DATA SOURCES
Population Data
Population data were obtained from the Fifth Census of China in 2000 (China, 2001) . These data divide the population of the administration areas of a city into two parts: the city population and county population ((NBSC, 2002) . Each part is also divided into two types of populations: urban and rural. In the census, the city population (Chinese: shi renkou) is defined as the population in the city proper and exurban districts and does not include the population in counties. For example, the total population of Beijing City is the sum of the following thirteen municipal districts: Dongcheng District, the Xicheng District, Chongwen District, Xuanwu District, Chaoyang District, Fengtai District, Shi Jingshan District, Men Tougou District, Haidian District, Shunyi District, Changping District, Fangshan District, and Tongzhou District. In addition, in the census, the floating population is recorded at their current place of residence rather than at their place of registration if they have lived at the current place for more than six months or a year (Tan et al., 2008) . Compared with the data sources of many other papers, which use the original census data of the Chinese population by county in 2000 (Chinese Ministry of Public Security, 2001), our population data are more representative because they include the floating population. Therefore, our data should more closely reflect the actual size of the Chinese population, and our data could be available as an attribute of the administrative polygons at the county level. Other data, which neglect the floating population who actually work and live in city areas, will lead to considerable distortions of city population in some cities that have a large inflow of migrant workers (Zhou and Yu, 2004) .
Land Use Data
The second source is land use data, which is obtained from the Data Center of Resources and Environment at the CAS. These data are extracted from Landsat Thematic Mapper (TM) images from 2000 using land use/land cover classes appropriate for the 1:100,000 scale (Liu, 1996; Liu and Buhe, 2000; Liu et al. 2003a ) (these classes are explained in Table 1 ). The original format of the land use data is similar to ArcInfo coverage. In this study, the data were converted into 25 raster files in the Environment Systems Research Institute (ESRI) Grid form at a 1 × 1 km resolution using the cell-based encoding method of percentage breakdown. Every file represented a land cover type; and the value of each grid cell in the raster file corresponded to the area of the type of land use in the grid cell (Tian et al. 2005) . These data have been successfully employed in the study of land use changes in China (Liu et al., 2003a) . In this paper, we used the ild51 and ild52 data (for urban and rural residential areas, respectively) to simulate the population.
China County Vector Boundary Data
The third source is the China county vector boundary data (see Fig. 2 ); these data were obtained from the Resources and Environment Database of China and contain detailed attributes of every county, such as the name and area.
China Residence Polygon Data
China residence polygon data (see Fig. 3 ) are derived from a 1:250,000 topographic map of China, which was updated at the end of 1997. It contains over 30,000 towns and 647,705 villages. Because the polygons are small, we used a small part of the Liaoning Province as an example (see Fig. 4 ). The reasons why we choose this data are twofold: On the one hand, they are obtained by field survey, so have a relatively high reliability; on the other, their integrity, logical consistency, and positional precision all comply with related technical regulations and standard requirements of the State Bureau of Surveying and Mapping. However, there is also a problem caused by the use of data from 1997 instead of from 2000. During 1997-2000, China was in the stage of comprehensive promotion of urbanization, which may affect the estimation result, and could for example lead to underestimation of urban population and overestimation of rural population. Constrained by the lack of data for 2000, we ignore these effects and regard the residence polygon in 2000 same as in 1997.
METHODOLOGY
The entire process for simulating the population distribution of China is shown in Figure 5 . All of the information presented in the figure is discussed in detail in the following section.
land use data in population estimation
Data Pre-processing
Before undertaking the research, we first needed to pre-process the basic data. From the Chinese county vector boundary map and its corresponding table, we found that there were some improper sections, such as the presence of some null values, which would affect our research. Therefore, we modified these data in several ways.
First was the processing of null values by their deletion. Second, for repeated county names, we distinguished between three cases: if the county did not use its land, we deleted it; if the county used its land and it was in close proximity to another county, we combined it with that county. For example, Huaibei City included two sections of the map (see Fig. 6A ), but these two sections were not consecutive. If we calculated the population distribution of this region without considering its special location, the simulated result would deviate from the actual situation. We noted that this county was near Xiao County; therefore, we combined the data of Huaibei City with that of Xiao County, and the processed result is shown in Figure 6B . Lastly, if any regions independently used land and were far from any county, we preserved them and distributed their population according to their proportion. After these processes were complete, a proper vector map was constructed, and we began our research.
Modeling on the Basis of Land Use Data
Many factors, such as land use, slope, temperature, and other factors, affect the distribution of population. To decrease the effect of redundant information, we took the most correlative indicator, land use (Tian et al., 2005) to simulate the distribution of China's population.
Modeling at the Scale of County Population
At present, the smallest mapping unit that is available countrywide is the county; therefore, county-level population data are the best data to represent population distribution. These data divide the total county population into two parts: urban and rural. This process can avoid the reallocation of the populations of different counties and between rural and urban areas, which is caused by the improper process of uniformly modeling the parameters.
Modeling Urban and Rural Populations
Because of the special natural environment and variation in social economic development among different regions of China, the population distribution is extremely uneven. It can also be divided into several parts, such as town and country. Population in town and country has different associated factors and distribution patterns. For example, urban population distribution may relate to the location of economic centers, traffic conditions, or other factors, whereas rural population may relate to river location, agriculture production, or other factors. Therefore, we built these models land use data in population estimation 831 separately so we could avoid over-or underestimation of population density within urban or rural grid-cells, which are caused by the improper combinations of models and parameters.
Modeling on the Basis of Three Types of Land Use Data
Although remote sensor data have been used for population estimation in many studies, these estimates have limited accuracy and cannot fully reflect the population distribution. As a result, we will improve the accuracy by adding the China residence polygon data.
In this paper, three types of land use data were applied to simulate population. The first source of land use data (ild51 and ild52) were obtained from the Data Center of Resources and Environment at CAS and were introduced in detail in the data source section. The second type of land use data (urban25 and rural25) was the raster file that was converted from the China residence polygon data, where each grid cell was given a different value. The value represented the area of the type of land cover in the grid cell. For urban land use, the China residence polygon data were converted to raster data at a 100 × 100 m resolution, then resampled at a 1 × 1 km resolution by averaging the area, which could be explained by the following equation:
where A i represents the urban area of the grid cell in a town, A urban is the urban area of every town, and A total is the total land area of each town. The resulting urban25 map is shown in Figure 7A .
The China residence polygon data for rural land use was converted to raster data at a 1 × 1 km resolution, and each grid cell is assigned a value of 2500. The 2500 value is obtained by the following equation: 
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where A i represents the rural area of a grid-cell in a county, A rural represents the total rural residential area of China in 2000 , and A county is the total land area of all counties in China. The resulting rural25 map is shown in Figure 7B .
The third type of land use data (i.e., urban and suburban) was a combination of the above two types of data. For these data, we used the merge function in ArcGIS software and obtained the maximum value. Thus, urban and rural land use each had three sets of data.
Development of the Urban Population Model
First, we used regression analysis to separately estimate the populations of rural and urban areas. This analysis was divided into two steps: the effective variables were chosen based on SPSS software, and regression equations were built for population and land use. The result of the first step was not ideal. The correlation coefficient (R) between the rural population and the ild51 was 0.67, whereas the correlation coefficient (R) between the rural population and the ild52 was 0.61. In theory, the rural population should be more correlative to the ild52, but, on the basis of the linear model, the rural population was more correlative with the ild51, which contradicts this theory. Therefore, we disregarded this method and used a second method, where different models were built according to the rural and urban situations. The process is detailed below.
The urban population is affected by the following factors: geographical position, natural resources, economies of scale in production and consumption, and the usage of automobiles (Fujita ,1989; Alig et al. 2004) . Therefore, it is difficult to build a simple, mathematical equation to simulate the population.
Usually, urban population density is proportional to urban scale, i.e., a larger scale corresponds to a greater density (Ye, 2001 ). In the internal portion of the urban area and counties, a population density difference exists. Generally, the population decreases from the center to the exterior of town. However, because so many factors affect population density, the population does not have a simple, mathematical relationship with scale. Yet, the distribution of population density has some similar rules, and it is mainly affected by the urban scale and the distance from the urban center. The rule can be expressed by the following formula:
where V city is the urban population density coefficient, S is the urban scale, and L is the location in the city.
Many simulation models for population distribution have been developed , such as the Gauss model (Sherratt, 1960; Tanner, 1961) . Recently, another type of model, named fractal models for the decay of urban population density (Feng, 2002) , was developed and can be described by the following equation:
where r(r) stands for the population density of the i-th grid whose distance from the urban center is r i , r 0 is the city center population density, and r 0 is the urban influence radius, which can be obtained by determining the radius of a circle of the same area as the town. s is the constraint parameter, which reflects the information entropy of the spatial change of the urban population. Although the feasibility of this model was doubted, city economists have proven its usefulness (Wang and Guldmann, 1996) . Therefore, using this model, we obtained the population distribution coefficient of every grid cell instead of the specific population.
Before we simulated the population density at a 1 × 1 km resolution, we first obtained the city center population density r 0 value. Of course what we defined as the city center did not refer to the shape center but to the mass center, and its coordinate was calculated in Eq. (10). As this mass center was from urban land use data, it could decrease the error of the center. Here, we defined the city center as a mono-center in the fractal model. This definition in the above fractal model may not be feasible in some cities, such as some small cities in developed countries, as their population is not concentrated in a single mono-center. However, China is a developing country and most cities had only mono-centers in early stages of development. In China around 2000, this was because few people could drive a car, so in order to work they needed to live near the center. In conclusion, the urban population is still concentrated in urban centers in China. So the fractal model can be used in China's current situation. Some other centers will be calculated for the rural population. Of course, more centers will grow as cities grow. If we use data of 2010, the model error will be larger than the error using data from 2000.
We first multiplied both sides of Eq. (4) by the urban area, and then made a summation to obtain the following equation:
where r(r) stands for the population density of the i-th grid cell whose distance from the urban center is r i , A i is the urban area of the i-th grid-cell, r 0 is the city center population density, r 0 is the urban influence radius, and s is the constraint parameter, which reflects the information entropy of the spatial change of the urban population. Both sides of Eq. (5) referred to the total population of a city or a town and because the total population had been obtained, Eq. (5) could be replaced by the following equation:
where P city stands for the total population of a city or a town, which can be obtained from the population data we introduced as the population source. The other parameters are defined as above. Therefore, from Eq. (6), we could deduce the center population density by the following equation:
where r 0 is the city center population density; P city is the total urban population of a city, which can be obtained from the Fifth Census of China in 2000; r i is the distance from the city center of the i-th grid cell; r 0 is the urban-influence radius; A i is the urban area of every grid of a city; and s is the constraint parameter that reflects the information entropy of the spatial change of the urban population. We can base the value of s on the basic theory of urban development, which states that over a city's development, it should experience "developing," "developed," and "old" stages. At each of these different stages, the urban population density has different spatial distribution; during urban suburbanization, the urban center's population density decreases and its distribution shape resembles a crater. After years of urban construction, especially after the onset of reform and the open-up policy, China is still in an early developed stage, and some middle-sized or small cities are still in the developing stage. Taking this into consideration, s is valued at 1, and more detailed information about the acquisition of each parameter will be provided in the following section.
We obtained the value of r 0 , by the following formula:
where A j stands for the total area of the j-th city.
We could obtain the value of r i by the following formula:
where r i is the distance from the urban center of the i-th grid in a city, X i is the X coordinate of the i-th grid, Y i is the Y coordinate of the i-th grid, X 0 is the X coordinate of the urban center, and Y 0 is the Y coordinate of the urban center. We could obtain X i and Y i from ild51 with the "Convert Grid theme to XYZ Text file" tool of Arcview software from ESRI. For the coordinate of the urban center, we used the following formula:
where X 0 is the X coordinate of the urban center, X i is the X coordinate of the i-th grid, A i is the urban area of the i-th grid, K is the number of grids in a city, and Y 0 is the Y coordinate of the urban center. All of the resulting data was obtained using the Matlab computer language.
After obtaining the urban center density r 0 , we could return to Eq. (1), and using the Matlab computer language, we obtained the population density of each grid r(r). These data were in text format, but for use in spatial analysis, they had to be altered. First, we regarded the data as an attribute of the Chinese county vector boundary map and, thus, inputted them into the attribute table of the map. Then, using the conversion function of ArcGIS, we obtained the urban population density raster data.
Development of the Rural Population Model
For the rural population coefficient model, we used the average density model, which could be described by the following equation:
where P rurali stands for the rural population of every grid cell, r is the rural population density, and A i is the rural area of every grid cell. We used the following formula to determine the value of r:
where P county stands for the rural population of each county in China and A county is the rural area of every county in China. Based on Eq. (11) and using the raster calculator of the ArcGIS software, we obtained the rural population density diagram of China.
RESULTS
Using the above urban and rural population models, we obtained simulated Chinese urban and rural population maps. The total population was 1.24 billion in 2000, the urban population was 0.32 billion, and the rural population was 0.92 billion. As described in the methodology section, this paper used three sets of land use data to simulate population; therefore, we now have three sets of urban and rural population data.
Results from the First Set of Data
The land use data of the first set of data was from the ild51 and ild52 data for 2000, and the simulated population urban and rural results are shown in the following maps. Figure 8A shows the simulated urban population from the first set of data for China (2000) , while Figure 8B shows the simulated rural population from the first set of data for China (2000) .
Results from the Second Set of Data
The land use data from the second set of data were from the urban25 and rural25 raster file that was converted from the China residence polygon data, and each grid cell was given a different value. Here, the value indicated the area of the type of land cover in the grid cell. As for the urban land use, the China residence polygon data were converted to raster data at a 100 × 100 m resolution, we resampled the data at 1 × 1 km resolution, and finally, we assigned each grid cell a value. As was performed for the rural land use, the China residence polygon data were converted to raster data at a 1 × 1 km resolution, and each grid cell was assigned a value of 2500. The simulated urban and rural population results are shown in the following maps. Figure 9A shows the simulated urban population from the second set of data for China (2000) , while Figure  9B shows the simulated rural population from the second set of data for China (2000) .
Results from the Third Set of Data
The land use data from the third set of data were urban and rural, which was a combination of the two types of land use data that were mentioned above. The Figure  10A shows the simulated urban population from the third set of data for China (2000) , while Figure 10B shows the simulated rural population from the third set of data for China (2000) .
Comparison of the Three Sets of Data and the Results
Comparison of the Simulated Urban Population of the Three Sets of Land Use Data. The simulated urban populations from the three sets of land use data are shown in Figure 11 . Figure 11A shows the simulated urban population of the first set of land use data, Figure 11B shows the simulated urban population of the second set of land use data, and Figure 11C shows the simulated urban population of the third set of land use data.
Comparison of the Simulated Rural Populations from Three Sets of Land Use Data. The simulated rural populations from three sets of land use data are shown in Figure 12 . Figure 12A shows the simulated rural population of the first set of land use data, Figure 12B shows the simulated rural population of the second set of land use data, and Figure 12C shows the simulated rural population of the third set of land use data.
Determination of the Final Results. From the comparisons, we observe that the third set of data was smoother than the other two sets of data, and it more closely resembled the actual population distribution. Therefore, we considered the third set of data as our final population distribution result for the following reasons. First, remote sensor-derived data, which in this paper we refer to as land use data, are at a 1 × 1 km resolution, which is insufficient to show inner details or population distribution. This limited spatial distribution may exaggerate or under-represent the population in places such as mountains and hills. In Southwest China, these regions mainly include Chongqing Province, Sichuan Province, Guizhou Province, Yunnan Province, and the Tibet Autonomous Region and feature more plateaus and mountains. Because of the special terrain of these regions, when remote sensing technologies are used to observe the residential distribution of these areas, only some places will be covered, which could lead to less land use data. Furthermore, these methods will result in a higher population density. The second reason was the introduction of China residence polygon data, which is obtained by field surveys and can more accurately reflect population distributions. Therefore, this method could remedy the defects inherent in remote sensor derivatives.
Post-processing
Once the final urban and rural population distribution data were obtained, we found that some extreme values existed, which were the result of the limited accuracy of the land use data. From the Fifth Census of China, it was determined that Angren County, which is located in the Tibet Autonomous Region, has a rural population of 43,681; however, its rural land use is only 0.8 square kilometers. These data were obtained from the ild52, which does not reflect the real population distribution. Therefore, we used the elimination-peak process and completed this step by programming. The maximum, grid-cell rural population was ruled to be 10,000, and the main idea was to assign a grid-cell population of over 10,000 to neighboring grid-cells. The maximum grid-cell urban population is ruled at 40,000, and it is based on the Fifth Census of China in 2000. According to the Fifth Census of China in 2000, Futian district in Shenzhen City has 909,571 people with the total area of 78.8 km 2 . It contains almost 11,543 people within one square kilometer; however, this number is just the average value, and in some dense places, this number may be larger. Furthermore, this number does not include floating population. If we include the floating population within this one square kilometer, the population number will be much larger. As a result, we set the maximum value as 40,000, and we obtained the processed data. For the post-processing of total urban population, we took Kunming City as an example, with the comparisons between before elimination-peak process and after elimination-peak process being shown in Figure 13 . Figure 13A shows the simulated urban population before elimination-peak process, while Figure 13B shows the simulated urban population after the elimination-peak process. For the post-processing of total rural population, we took Nima County and Angren County as examples, and the comparisons between before elimination-peak process and after elimination-peak process are shown in Figure 14 . Figure14A shows the simulated rural population before elimination-peak process, while Figure 14B shows the simulated rural population after the elimination-peak process.
Total Population Distribution in China
At present, we have obtained the simulated urban and rural populations of 1 × 1 km grid-cells, conducted a summation, and obtained the simulated, total population of the 1 -1 km grid-cells in China (2000) . The result is shown in Figure 15 .
From Figure 15 , we could see that the majority of the Chinese population was distributed in the eastern region, with fewer people residing in the western region. A geographical dividing line, which was proposed by Hu Huanyong (1983) , extends from Mohe County in Heilongjiang Province and to Tengchong County in Yunnan Province. The population is mainly aggregated in the Yellow River, Huaihe River, and Haihe River regions and in the Szechwan Basin, the middle and lower Yangtze River, the Northeast plain, and coastal areas. The densest population was located in the Yellow River, Huaihe River, and Haihe River regions. This phenomenon might be closely linked to the natural and social conditions of eastern China. The topography of China is high in the west and low in the east, and plains characterize eastern China while plateaus and deserts are typical of western China; therefore, eastern China can support more people. Eastern China has been the economic center for a long period, and it has convenient transportation. Additionally, other social factors determine this population gap, such as the reform and open policy.
VALIDATION AND COMPARISON
Validation
To verify the effectiveness of our results, we compared our results to the simulated, total population of the 1 × 1 km square grid-cells in China (2000) from CAS because their results are publically available and have been validated (Tian et al., 2005) . More details on this comparison are provided in the following sections. Of course, this kind of validation may be limited. It is very hard to get finer spatial resolution population data and, as constrained by budget and current capacity, what we can do now is to compare our results with those of the CAS. Their results are also compared with some typical cities to verify the efficiency of estimation results. In the near future, with higher-spatial-resolution GIS and remote sensing data, it should be advantageous to conduct additional validation.
Comparison
At present, the dataset that we obtained simulated the Chinese population at a resolution of 1 × 1 km and was simulated by CAS (Tian et al., 2005) . Based on the different distribution pattern of towns, counties, and zones, Tian et al. (2005) firstly built a China population simulation model at 1 × 1 km resolution, then calculated urban and rural population coefficients, respectively. As for the urban population coefficient, they built the urban population density coefficient model, which was based on urban area. As for the rural population coefficient, they firstly divided China into twelve ecological-agricultural regions. Then in each region, they built a one-element linear regression model between rural population and all kinds of agricultural lands to choose the model indicators. Thirdly, based on these selected indicators, they built multiple-element linear regression models to obtain the regression coefficient. Lastly, Figure 15 shows the simulated total population of 1 × 1 km grid-cells in China (2000) from our work, while Figure 16 shows the simulated total population of 1 × 1 km grid cells in China (2000) from the CAS.
First, we compared these two figures macroscopically, and as a whole, the results are in accord. The population distributions of the coastal region are dense. The red areas represent a population of over 1000 and from the comparison, it was evident that the red areas in these two figures were generally overlapping, such as in Beijing City (see Fig. 17 ). Figure 17A shows the simulated total population of our work, whereas Figure 17B shows the simulated total population of CAS.
When comparing Figures 15 and 16 , we also concluded that the simulated population from our work was generally higher than that derived from the CAS, which is a result of using different sources of population data. Because we obtained population data from the Fifth Census of China, which includes fixed and floating population data, our population data are larger than that of CAS. However, our data may reflect the population distribution more accurately.
The most distinct advantage of our work is that we calculated the population distribution of Taiwan, allowing our leaders to obtain knowledge of its population distribution. A second advantage was that our result of the simulated population in China (2000) covers more areas, such as the Geji County, which is located in the Tibet Autonomous Region (CAS did not simulate the population in Geji County). Figure 18 shows the difference between the simulation of the population distribution of Geji County in our work and that conducted by the CAS. Figure 18A shows the simulated total population of Geji County from our work, while Figure 18B shows the simulated total population of Geji County from the CAS. However, from our studies (Nets, 2008) , we deduce that this region contains a significant population distribution. 
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We concluded that our simulation result was more persuasive and better reflected the actual population distribution.
A third advantage was that our result reflected the actual population distribution because it was based on the China residence polygon data. The population distribution should not exhibit a flaked configuration because the population is normally distributed in a pattern that is concentrated in one place where either suitable natural conditions or convenient transportation exists. The population distribution should thus exhibit a scattered distribution. Our scattered, simulated population result and the flaked, simulated population result from the CAS are shown in Figure 19 . Figure  19A shows the scattered simulated population result of our work, whereas Figure 19B shows the flake-like simulated population result of the CAS.
To further compare these maps, we subtracted Figure 15 from Figure 16 using the ArcGIS software to obtain a difference map (Fig. 20) . In Figure 20 , a positive value indicates that the simulated population at a 1 × 1 km resolution from our work was less than that derived by the CAS, a zero value indicates that the simulated population from our work was equal to the result of the CAS, and a negative value indicated that the simulated population from our work was greater than that of the CAS. From this difference map, it is evident that, in eastern China, our simulation result was greater than that from CAS, and this finding was the result of different population sources. As theorized by Guo (2010) , eastern China contains more floating people than western China. Therefore, when we utilize the census data as our population source, the simulated population in the east will be larger than that determined by the CAS. From Figure 20 , it is also evident the simulated population in the west derived by our method is less than that determined by the CAS, and this is a result of the smoothness of CAS results. Additionally, given the third advantage of our simulated results, we believe that the CAS results for the west are less reasonable. 
DISCUSSION AND CONCLUSIONS
Discussion
Using remotely sensed data to estimate population adds a new aspect to population estimation. Some researchers have adopted this method; however, it is still a challenging task in theory and methodology because of the complexity of urban and rural landscapes and of population distributions. The accuracy of population estimates derived from remotely sensed data has not heretofore been particularly high, although these data are linked to surface features and are not directly associated with population distribution. Therefore, a portion of such data can be readily identified as false. For example, areas with a low population maybe located in forest-dominated areas, but the spectral characteristics of the landscape of these areas are fundamentally different. Because of the complexity of population distributions, the use of land use data alone is insufficient. In this study, we only used a single model to estimate population, and in so doing it was not wholly adequate. Therefore, we must combine our model with others or create more powerful models.
Conclusions
This research has constructed models of population estimation that have integrated satellite imagery and census data and have provided relatively high precision, land use data in population estimation 851 which is essential in urban and rural planning, natural hazard risk assessment, disaster prevention and response, environment impact assessment, economic decision-making, and evaluation of the quality of life. As a result, we obtained three sets of land use data (i.e., remote sensing-derived, China residence polygon, and a combination of the two) to estimate population, and then we obtained a set of Chinese population data at 1 × 1 km resolution for 2000.
More studies are needed to improve the accuracy of population estimation by developing suitable models and improving land use classification accuracy from higher-spatial-resolution imagery and using multi-source data, such as increasing the quantity of source data or adding road data, which is also an important factor that affects population distribution. In summary, although remotely sensed data have some disadvantages, they may provide an important tool for social scientists and policymakers who seek population knowledge and social justice.
